site of cAMP'CRP on gal DNA by using two types of protection experiments, involving DNase digestion and methylation by dimethyl sulfate. Our results indicate that cAMP-CRP binds to gal DNA in a segment located between 50 and 24 base pairs preceding the P1 start point for transcription. Although the location of the cAMP-CRP interaction site is clearly different in gal and lac DNA, comparison of the DNA sequences suggests a similar recognition sequence. The location of the cAMP-CRP-binding site in gal further suggests that protein-protein interactions between RNA polymerase and cAMP-CRP play an important role in transcription initiation at the gal and possibly other cAMP-dependent promoters. Bacterial or bacteriophage promoters can be subdivided into two groups. In one class of promoters the DNA sequence contains all the necessary information for the binding of RNA polymerase and the formation of a stable complex for productive initiation of transcription. In other promoters the sequence information and hence the DNA structure is insufficient by itself to allow such stable complexes to be formed in the absence of additional protein factors. Cyclic AMP-dependent promoters fall in this second category. The additional information and interactions needed for the formation of a stable complex between RNA polymerase and DNA are provided by the cyclic AMP (cAMP)-cyclic AMP receptor (CRP) complex and the CRP binding site on the DNA. The role of cAMP.CRP in the regulation of the galactose (gal) operon of Escherichia coli is complex because this operon is controlled by two overlapping promoters, P1 and P2 (1) . Pi activity requires cAMP and its receptor protein. P2 functions in the absence of these factors but is inhibited by cAM'P-CRP. The start points for transcription of these two promoters are separated by five base pairs or half a turn in the DNA helix.
The existence of the two gal promoters probably reflects the dual function of galactose in cellular metabolism. When galactose becomes the principal carbon source in the medium, it is taken up by the cells, converted to glucose-i-P, and further catabolized to serve as a general energy source. One of the intermediary products in this catabolic pathway, UDP-galactose, is also a precursor for cell wall biosynthesis. Even in the absence of galactose, UDP-galactose continues to be generated from UDP-glucose in a reaction catalyzed by the enzyme UDPglucose 4-epimerase, specified by the promoter-proximal cistron of the gal operon. P1 probably controls the catabolic pathway whereas P2 regulates the anabolic or biosynthetic pathway of galactose. It can be argued that the function of the two promoters is to ensure a constant basal level of synthesis of gal enzymes, particularly UDP-glucose 4- 
METHODS
Isolation of gal Promoter DNA. Plasmid pBCl is a derivative of pBR322 in which the 30-base pair EcoRI/HindIII DNA fragment has been replaced by a DNA fragment containing the gal operator-promoter region and the promoterproximal third of the galE cistron (unpublished experiments). The smaller gal subfragments (F-2 and F-3 in Fig. 1 ) can be conveniently isolated from pBCl by endonuclease digestion followed by preparative 5% polyacrylamide gel electrophoresis.
Terminal 32P Labeling of DNA Fragments. The 5' ends of the DNA fragments were treated with bacterial alkaline phosphatase and were labeled with 32P by using phage T4 polynucleotide kinase as described by Maniatis et al. (5) . To obtain fragment 1, (F-1) (Fig. 1) of C and T bands obtained in a pyrimidine-specific reaction (not shown). The pattern of bands corresponding to a sample that contained CRP but no cAMP is very similar to the pattern derived from a reaction without CRP and cAMP. Hence, CRP itself does not affect the DNase digestion pattern and the protection that is seen is specifically due to the cAMP-CRP complex.
The concentration range of cAMP that ensures protection of segments of the gal promoter by cAMP-CRP is very similar to the concentration of cAMP needed for PI stimulation and P2 repression as measured in an in vitro transcription assay (8) .
The concentration of cAMP needed for half-maximal stimulation of PI (5 jM) is the same as the cAMP concentration that inhibits 50% of P2 activity (8) . If the concentration dependency of CRP is examined, we find that the same concentrations of CRP that in vitro activate transcription at P1 or inhibit transcription at P2 protect gal DNA from DNase digestion.
The results of Fig. 2 are summarized in Fig. 5 . In the top strand protection occurs at the 3' side of the following bases: A at -50, A at -46, A at -41, T at -40, G at -39, T at -38, C at -37, A at -36, and C at -35. On longer exposure we see that the bases between -33 and -25 on the upper strand are also protected. To examine the full extent of protection longer exposures are needed because the patterns of digestion in the absence of cAMP-CRP are not uniform, DNase being much more active at certain specific sites in the DNA sequence than at others. On the bottom strand fewer sites are protected: G at -42 and A at -38. The finding that fewer bases are protected on the lower strand is mostly due to the absence of digestion at many sites on this strand between -50 and -35 in the absence of cAMP-CRP. Interestingly, DNase digestion is enhanced at Fig. 2A, lane 3) . We had observed previously that, at high concentrations of cAMP, f3-galactosidase synthesis was inhibited in a cell-free DNA-dependent S30 system (9) . It -_ . cAMP-CRP protects the same residues from DNase digestion as in the larger 135-base pair fragment (F-i). cAMP-CRP also produces an enhancement of DNase digestion at the same sites as with the larger fragment except at -34 on the upper strand. Similar concentrations of cAMP are needed to obtain DNase protection as with the larger fragment. Thus a DNA fragment that is missing part of the sequence that is similar to the lac CRP-binding site is capable of interacting with cAMP-CRP as well as a larger fragment that contains these sequences.
Methylation Protection. We next examined which specific bases in gal DNA made contact with cAMP-CRP by probing which purine residues could be protected from methylation by cAMP-CRP (4) . Again, DNA fragment F-1 (see Fig. 1 ) was specifically labeled at one or the other of its 5' ends. This fragment was then allowed to react with dimethyl sulfate in either the presence or the absence of cAMP-CRP. As can be seen in Fig. 4 , one residue, G -35 on the lower strand, was strongly protected by cAMP.CRP. Weaker protection occurred at G -37 on the lower strand and at G-39 on the upper strand.
DISCUSSION
The results presented here (see Fig. 5 for summary) indicate that cAMP-CRP interacts with a gal DNA segment located between 50 and 24 base pairs preceding the start site of PI mRNA. Many sites in this segment are protected by cAMP-CRP from DNase digestion. This protection by CRP is strictly dependent on cAMP at concentrations of the cyclic nucleotide that are identical to those needed for CRP-dependent activation of PI or inhibition of P2. Within this protected segment a number of sites exhibit an enhanced sensitivity to DNase as a result of cAMP-CRP interaction with gal DNA. They appear at regularly spaced intervals in the protected sequence at -42, -34, and -23 on the upper strand (and -49, -40, and -30 on the lower strand). In addition, two other sites at -16 and -14 on the upper strand exhibit an enhanced sensitivity to DNase. These latter sites lie within the Pribnow "heptamer" for P2 and precede by a few bases the "heptamer" for P1. These heptamers are located about 5 to 6 bases preceding the start site of transcription in different prokaryotic promoters and show a high degree of conservation (13, 14) . Bases within these heptamers could participate in the localized DNA melting associated with the formation of a stable RNA polymerase-promoter complex (13) . The interactions of cAMP-CRP with the -50 and -25 region could thus cause a conformational change in the DNA structure in the P2 heptamer. This structural change, in addition to the protein-protein interactions between cAMP-CRP and RNA polymerase, might favor formation of a stable complex at PI or inhibit the formation of such a complex at P2.
Our results clearly indicate that cAMP-CRP does not bind to the -70 to -50 region in gal, a segment that presents homologies both in sequence and in symmetry with the CRP-binding site in lac located between -70 and -50. Furthermore, this gal segment is not needed for CRP binding at -50 to -25, because removal of the sequences to the left of -59 does not alter the cyclic AMP concentration dependency of CRP binding. Earlier results had, in fact, strongly suggested that the -70 to -50 segment was not the gal CRP-binding site (8 (G-C to A-T) as a lac CRP-binding site mutant and is located the same distance from the cAMP-CRP-dependent initiation site in gal and in lac (8, 11) . This mutation severly reduces the cAMP-CRP response in lac but leaves it unchanged in gal.
In other experiments the cAMP-CRP interaction site on gal DNA was also functionally mapped by examining whether sequences to the left of the HinfI cleavage site at -59 were needed for transcriptional control of P1 and P2 activity. Transcription of two hybrid DNA fragments in which the segment to the left of -59 was replaced by two different unrelated DNA sequences exhibits a cAMP-CRP response for P1 stimulation or P2 repression identical to that of wild-type gal DNA (unpublished data). Hence, the DNA sequence to the right of -60 contains all the specific interaction sites needed for the cAMP-CRP-dependent activation of P1 and repression of P2.
It is clear that the location of the cAMP-CRP interaction site in gal is very different from the CRP-binding site in the lac operon. The identity of this site in lac has been firmly established by DNA We wished to determine more precisely the sequence within these CRP regulatory regions that is recognized by CRP. In this analysis, we employed the following criteria: (i) the common CRP recognition sequence should be altered by the CRPbinding site mutations known in lac and should include the bases protected by or from dimethyl sulfate in lac and in gal; (ii) the sequence should be consistent with the size of CRP (7), spanning 10-15 base pairs; (iii) the sequence should accommodate a dimer, presenting similar sequence elements to each subunit; (iv) the region of the DNA protected against DNase by CRP should be approximately coextensive with the occurrences of the CRP recognition sequence.
A computer was utilized to search for homologies in the lac and gal sites that might satisfy these criteria. The regulatory region between araC and araBAD is also known to be involved in complex interactions with cAMP-CRP (15, 16) and was therefore included in this search. The result pointed to a sequence appearing twice in the CRP site of lac, symmetrically located about the dyad axis centered at -60/-61 (11, 17) , ap- pearing three times in the gal CRP region, and five (or more) times in the ara regulatory region (18, 19) . These sequences are listed as follows: (20) and in the lac, gal, and X operators (8, 20, 21) by differences in the underlined region of the sequence.
The consensus sequence also satisfies criteria i and iii above because it is the right size and can, according to our preliminary analysis, accommodate a dimer of identical subunits in either a direct repeat or an inverted repeat arrangement.
We find that cAMP.CRP protects a gal segment that is larger than the sequence presenting homologies with the lac CRP sites in gal. This could be due to binding of CRP to adjacent weaker sites. The binding of CRP to these weaker sites might be stabilized by protein-protein interactions. In fact, two additional sites with partial homology with the proposed recognition sequence were found within the protected sequence (-21 to -31 and -44 to -34).
How can the difference in location between the CRP-binding sites in lac and in gal be reconciled with their similar effects on activation of transcription? One possible explanation would be that the interaction between CRP and RNA polymerase occurs around -35 in both gal and lac. In lac the primary binding site for CRP is obviously at -70 to -50, but the binding of CRP to a secondary binding site around -35 might also be stabilized by CRP-CRP or CRP-RNA polymerase interactions. In fact, the gal sequence Our results establish that factors that activate transcription initiation can interact with promoters between -50 and'-25. The sequences around -35 are one of two regions of homology in prokaryotic promoters (20) , the other being the heptamer centered at -10 (7, 13, 14) . In the lac UV5 promoter RNA polymerase makes contact with a G residue at -32 (4). The segment around -35 is also the site of several promoter mutations. These mutations either decrease or increase promoter activity. They alter the binding of RNA polymerase or change the rate of initiation of transcription at these promoters (20, (22) (23) (24) (25) . The proposed CRP recognition sequence in the same region in gal probably provides some of the necessary interactions for productive initiation of transcription at P1. The location of the CRP-binding site strongly suggests that initiation of transcription includes protein-protein interactions between cAMP-CRP and RNA polymerase in gal DNA and maybe also in other cAMP-dependent promoters.
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